Objective: To describe the phenotypes, treatment response, and outcome of IgLON5 autoimmunity.
Since 2004, several autoimmune CNS disorders have been described, each characterized serologically by an antibody targeting the extracellular domain of a neural autoantigen.
1 Pertinent examples include aquaporin-4, NMDA receptor (NR1 subunit), and glycine receptor. [2] [3] [4] Subacute onset and rapid symptom progression, and responses to immune therapies are typical for these disorders, although not universal. 5 Autoimmunity targeting the extracellular domain of an immunoglobulinlike cell adhesion molecule, IgLON5, is a reported exception to this general rule. [6] [7] [8] IgLON5 is an adhesion molecule widely expressed in the CNS, but whose precise function is poorly understood. IgLON5 autoimmunity has been characterized as a progressive CNS disorder of insidious onset with prominent sleep and movement abnormalities. Progression to death due to respiratory failure is common. 6 Reported neuropathologic findings of "tauopathy," which unifies a number of disorders, such as progressive supranuclear palsy (PSP), and corticobasal degeneration, have also reinforced the concept of IgLON5 autoimmunity having a poor prognosis. 9 Characteristic neuropathologic findings include a lack of inflammatory infiltrates, neuronal loss, gliosis, and neuronal accumulation of hyperphosphorylated tau protein (both 3-repeat and 4-repeat [3R 1 4R] isoforms) found predominantly in the hypothalamus and the tegmental brainstem nuclei. 9 In this article, we report our Mayo Clinic experience of IgLON5 autoimmunity in 20 patients, including neurological improvements, in response to immune therapies.
METHODS Standard protocol approvals, registrations, and patient consents. The Mayo Clinic Institutional Review
Board approved this study (no. 08-006647).
Serological testing. Specimens (serum and CSF) were evaluated by indirect immunofluorescence assay (IFA) on a composite substrate of mouse hippocampus, cerebral cortex, cerebellum, basal ganglia, thalamus, kidney, and stomach. Four-micrometer frozen cryosections were fixed, blocked, and incubated with patient serum or CSF for 40 minutes and then with appropriate secondary antibodies. IgLON5 specificity was confirmed by cellbased assay (CBA) on human embryonic kidney 293 cells that were transfected with the IgLON5 complementary DNA, fixed with 1% formalin and stored at 4°C (Euroimmun AG, Lubeck, Germany). The sera (1:10 dilution) or CSF (neat) was incubated with the transfected cells. The cells were then washed and exposed to fluorescein isothiocyanate-conjugated goat antihuman IgG (Southern Biotech, Birmingham, AL). For IgG subclass testing, antihuman secondary antibodies specific for IgG1 (Thermo Fisher, Waltham, MA), IgG2 (Southern Biotech), IgG3 (Invitrogen, Carlsbad, CA and The Binding Site, Birmingham, AL), and IgG4 (Southern Biotech) were used.
Patients. We evaluated 367 archived specimens (serum, 334; CSF, 33) from patients referred to the Mayo Clinic Neuroimmunology Laboratory for evaluation of neurological autoimmunity (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) , for whom tissue-based immunofluorescence assay (IFA) screening had demonstrated a pattern of diffuse neural synaptic (neuropil) staining resembling (but not meeting criteria for) amphiphysin-IgG (which is similar to that reported for Ig-LON5-IgG). 6 Specimens were retested by IFA and by CBA for IgLON5-IgG. Sera and CSF from 96 patients diagnosed at Mayo Clinic with the following disorders that might mimic IgLON5 autoimmunity were also evaluated by IFA and CBA for IgLON5-IgG: PSP, 50; multiple system atrophy (MSA), 40; progressive age-related tauopathy, 3; and glutamic acid decarboxylase 65 (GAD65) kDa isoform neurological autoimmunity mimicking PSP, 3.
Clinical evaluation. Of the 26 patients determined to be IgLON5-IgG positive by IFA and CBA, clinical information was available in 20. Fifteen had a Mayo Clinic medical record that was reviewed extensively; comprehensive neurological evaluations were available for all (including history, physical examination findings, laboratory results, imaging data, and electrophysiologic testing). Patients from elsewhere (5) had data limited primarily to the neurological phenotype available and were not included in our analysis of sleep data. Among Mayo Clinic patients, polysomnography was available for review in 3 patients permitting detailed review of video-PSG findings, and portable overnight oximetry was available for 3 patients (including 1 patient who did not have polysomnography). Sleep diagnoses or reports of sleep symptoms were available only from medical records for an additional 10 patients, made prior to Mayo Clinic evaluation.
RESULTS Serological results. All 26 patients had the IgLON5-IgG characteristic pattern of staining by indirect IFA, and positivity was confirmed for all specimens by IgLON5 CBA. In the laboratory, 19 patients were identified retrospectively, 7 prospectively after initiation of the study (March 2016-January 2017), approximately 1 per month. Two of those 7 were evaluated in person by AM. The synaptic pattern of immunoreactivity was more intense in the cerebellum (granular layer more than molecular layer), midbrain, and thalamus than in the hippocampus and cerebral cortex (figure 1). The renal glomeruli and the smooth muscle of the stomach (but not myenteric nervous tissue) were also reactive with patient IgG in all cases. Unlike smooth muscle antibody, preabsorption of serum with bovine liver powder did not abrogate the smooth muscle staining by Ig-LON5-IgG. The median IgLON5-IgG antibody value in serum was 1:3,840 (range 1:480-1:15,360; normal value #120). All 4 IgG subclasses were detected using CBA in most patients tested (20/24) Clinical details are summarized in table 1. The predominant neurological manifestations of IgLON5 autoimmunity were brainstem disorders (dysphagia, dysarthria, eye movement disorders, and gait instability), sleep disorders (including sleep-disordered breathing and parasomnias), neuropsychiatric disorders (cognitive impairment and psychiatric symptoms), dysautonomia, and hyperexcitability (myoclonus, cramps, and exaggerated startle).
Clinical course. Sleep disorders. Sleep disorders or sleep symptoms were reported in 12 of 15 patients where that history was available (75%, table 1), 5 of whom were known to have had sleep symptoms first. Of note, all 3 patients evaluated prospectively after the IgLON5 antibody serologic finding presented with sleep disorders. Obstructive sleep apnea (OSA) was diagnosed in 11 patients (although only 2 had this diagnosis confirmed by polysomnography in the course of their evaluations at Mayo Clinic, neither of these patients had audible stridor throughout sleep nor during wakefulness, and there was no report of recorded sleep or waking stridor nor history consistent with stridor provided by patients or their families in the remaining patients). Five patients had sleep apnea prior to the onset of neurological symptoms without temporal association to other neurological symptoms. A further 6 patients had the diagnosis of sleep apnea performed at the time of initial neurological evaluation or subsequently. Of 4 patients with sleep apnea discovered prospectively with known apnea severity, 3 were severe (Apnea-Hypopnea Index [AHI] 60, 47, and 38/hr), and 1 was moderate (AHI 15.4/hr), and all patients with severe OSA were treated successfully with nasal continuous positive airway pressure therapy, whereas the patient with moderate OSA was advised to obtain sleep medicine follow-up following a diagnostic study but was lost to further follow-up.
Three patients had parasomnias diagnosed following video-PSG review at our institution (by EKS). One was reported to have dream enactment behavior but had no recorded REM during polysomnogram. The second was reported to have dream enactment and had REM sleep without atonia. The third had an NREM parasomnia disorder of arousal (confusional arousals from N2 sleep during polysomnography). One patient had stereotyped sleep-related complex motor behaviors diagnostic of nocturnal frontal lobe epilepsy (documented electrographic seizures corresponding to the clinical phenomena [shouting, followed by right arm jerking, and then stiffening] in the epilepsy monitoring unit).
Neurological disorders. Fourteen of 20 (70%) patients had gait instability accompanied by ataxia, 5; chorea, 2; parkinsonism, 5 (akinetic, rigid phenotype in all); or limb and axial stiffness, 1. Falls were frequent in 5 patients, 3 of whom were diagnosed with a neurodegenerative disorder by movement disorders subspecialists at our institution (PSP, 1; MSA, 1; or synucleinopathy not otherwise specified, 1). The patient diagnosed with PSP presented with early falls and was found to have axial more than appendicular rigidity and symmetric bradykinesia but did not have vertical gaze palsy. None of the other patients had isolated downgaze palsy or both up and downgaze paralyses typical of the PSP phenotype (Richardson syndrome).
Other brainstem symptoms comprised dysphagia, 10; respiratory dysfunction, 6 (3 of whom developed laryngospasm or respiratory failure requiring tracheostomy and 1 also had stridor); pulmonary aspiration, 3; diplopia, 5; and dysarthria, 3. Hyperkinetic movement disorders, present in 7, were myoclonus, 3; craniocervical dystonia, 3; tremor, 2; myorhythmia, 1; chorea, 1; and choreoathetosis, 1. Patient 1 had an akinetic rigid syndrome with supranuclear gaze palsy and orolingual myorhythmia. Whipple disease was considered but excluded. Patient 20 (the video at Neurology.org/ nn) was initially thought to have a functional disorder because of behavioral abnormalities in addition to a movement disorder but was later recognized to have a frontal-subcortical syndrome with chorea.
Neuropsychiatric disorders affecting 8 patients (40%) included memory loss, 5; delirium, 4; hallucinations, 3; depression, 2; and executive dysfunction, 1. One patient had frontal lobe seizures.
Findings consistent with central or peripheral nervous system hyperexcitability were noted in 7 patients (35%). Patient 14 had hyperekplexia (paroxysmal whole-body spasms in response to startle) and was diagnosed with a stiff-person syndrome spectrum disorder. Seven patients had upper motor neuron signs: hyperreflexia, 8, extensor plantar responses, 3; and spasticity, 1.
Nine patients (45%) had autonomic dysfunction affecting bladder, 7; gastrointestinal motility (diarrhea or constipation), 3; sweating (anhidrosis), 3; and orthostatic hypotension, 1. Four patients had evidence of peripheral neuropathy. One had mononeuritis multiplex and sural nerve biopsy-proven small vessel vasculitis, and the other 3 had EMG evidence supporting peripheral neuropathy (axonal sensorimotor, 2 and motor demyelinating, 1).
Other diagnoses. One patient had adenocarcinoma of the breast detected prospectively. An additional 2 patients had a history of cancer (prostate adenocarcinoma, 1 [detected 5 years prior to the onset of neurological symptoms] and remote history of non-Hodgkin lymphoma, 1). Two patients reported a history of autoimmune disease (one each of Hashimoto thyroiditis and recurrent iritis).
CSF studies. CSF testing was largely unremarkable. Five patients had a mild elevation of protein concentration (median value, 57 mg/dL: range, 49-106 mg/ dL [normal, 0-35 mg/dL]). None had elevations in white blood cells (more than 5/mL), IgG indices (.0.85), IgG synthesis rates (.12 mg/24 hours), or CSF-exclusive oligoclonal band numbers ($4).
Imaging and electrophysiology. Brain MRIs were also largely unremarkable: normal in 10 patients and demonstrated one or more nonspecific abnormalities in 10: leukoariotic changes, 6; mild-to-moderate cerebral atrophy, 6; and cerebellar atrophy, 2 (both had ataxia). No parenchymal spinal cord abnormalities were noted in any of 13 patients tested. EEG was abnormal in 1 patient with frontal lobe seizures. EMG revealed abnormal findings in 3 patients: axonal sensorimotor peripheral neuropathy, 1; cramps and fasciculations, 1; and mononeuritis multiplex, 1. EMG study using surface electrodes in the Movement Disorders Electrophysiology Laboratory study demonstrated cortical myoclonus in 1 patient and exaggerated exteroceptive response in another (patient 14 with stiff-person syndrome).
Treatment and outcomes. Ten patients received one or more immunotherapies and had follow-up available (table 2) . Improvements were encountered in 5 of 7 patients who received steroids, all 3 who received plasma exchange, both who received IVIg, both who received azathioprine, 1 of 2 who received mycophenolate mofetil, and 1 who received rituximab. The improvements resulted in sustained near full recovery, 2; sustained partial improvements, 5; and initial improvement with subsequent worsening, 1. Two patients had no response to immunotherapy, one of whom eventually died (table 2). Four patients in total were reported to have died, 3 had not received immunotherapy. The median modified Rankin score at last follow-up was 2.5 (range, 1-6); median duration from evaluation to last follow-up was 15 months (range, 0.5-129 months).
DISCUSSION IgLON5 antibody is a rare finding in our laboratory (1 per month), which evaluates approximately 150,000 specimens per annum. The clinical course of patients encountered was usually insidious in onset and progression. Neurological disorders tended to be multifocal, although consistent with prior reports, findings of brainstem encephalopathy (affecting primarily movement, gait, and balance) and sleep were most common.
6-8,10-13 Sleep disorders were frequent, but the clinical spectrum seemed more heterogenous than previous reports of patients presenting to sleep clinics. We encountered both mild and severe sleep disorders, possibly due to our screening process (for antibody rather than for clinical phenotype). It is possible that sleep disorders may have been overlooked in some patients (polysomnography was absent in all but 3) or worsened after the patients left Mayo Clinic (duration of follow-up was just 15 months). Notably, all 3 patients evaluated prospectively by the coauthors had sleep disorders.
Generic clues to an autoimmune diagnosis (subacute presentation, history of autoimmune disease, an inflammatory CSF, or inflammatory-appearing brain imaging) were infrequent, and thus, antibody testing of serum or CSF for IgLON5-IgG was critical. At this early stage, it would seem that serum and CSF have equal diagnostic sensitivity, although in general, when screening for all these rare autoimmune encephalitides in aggregate, it is recommended to test both serum and CSF. 14 We encountered diverse movement disorders, including parkinsonism, ataxia, dystonia, chorea, and myoclonus. 6, 8, 12 Patient 14, with stiff-person syndrome, did not have GAD65 antibody or glycine receptor antibody detected, but responded to immunotherapy nonetheless. 15 Although not phenotypically classic, in some rare instances, IgLON5 autoimmunity may clinically resemble a tauopathy, such as PSP, or a synucleinopathy, such as MSA. The PSP-typical phenotypic vertical eye movement abnormalities were absent in the case initially diagnosed as such in our series. Furthermore, the pathology of IgLON5 autoimmunity more resembles that encountered in primary age-related tauopathy (3R 1 4R isoforms) rather than PSP (4R tau isoforms only). 16, 17 Patient 1 had myorhythmia and supranuclear gaze palsy, resembling what has been reported for CNS Whipple disease. 18 A paraneoplastic cause of IgLON5 autoimmunity appears to be rare, although patients were not systematically evaluated for the detected cancers (adenocarcinomas) during their evaluation at Mayo Clinic. At this early stage, screening broadly, one time, for age, sex, and other risk factor appropriate neoplasms among IgLON5-IgG-positive patients seems appropriate, given the track record for most autoimmune neurological disorders having some degree of oncological significance. 1 We observed a range of responses to treatments used among IgLON5 autoimmune cases and a range of neurological prognoses. The improvements we report are in contrast to the original report of this disorder and the largest series to date (22 cases) where robust immunotherapy responses were rare and death occurred in 60%. 6, 13 Occasional individual cases of immunotherapy responsiveness have been reported. 11, 12 However, sudden death, despite initial responses to immune treatments, has also been reported. 11 Similar to what has been reported previously, death was common, 6 although in our patients, those who had not received immune therapies faired worst. Although the finding of tau deposition in the brain intuitively could lead one to conclude that IgLON5 autoimmunity is a secondary event in an otherwise neurodegenerative disorder, other data point to IgLON5-IgG having pathogenic effects. In vitro treatment of hippocampal neurons with IgG1 (but not IgG4) from affected patients has been shown to cause internalization of IgLON5 clusters from the neuronal cell surface. 19 All IgLON5-IgG subclasses (1-4) were detectable in most of our patients, although IgG1 and IgG4 were most intense by indirect immunofluorescent CBA. Our findings essentially confirm that an initial report that demonstrated, quantitatively, IglON5-IgG is predominantly represented in IgG1 and IgG4 subclasses. 19 The lack of inflammatory findings in CSF in our patients, and at autopsy in prior reports, may support IgG1-mediated IgLON5 internalization, without complement activation, as a key pathophysiologic mechanism. 6, 9 The discrepancies in outcome between our patients and those previously reported may be explained by differences in case ascertainment. IgLON5 autoimmunity was originally described among a cohort of patients identified by the clinical phenotype. 6 By contrast, our patients were encountered on a serologic basis during a broad screen for neural antibodies using tissue-based IFA. Sleep symptoms were often present, but they were not always prominent, and respiratory failure occurred in a minority. Three patients had laryngospasm or respiratory failure requiring tracheostomy, 2 of whom subsequently died. Laryngospasm with sudden death is also reported among patients with antineuronal nuclear antibody type 2 (ANNA-2, Ri) autoimmunity. Other phenotypic similarities with ANNA-2 autoimmunity are dystonia (including jaw dystonia), eye movement disorders, and parkinsonism. 20 We plan to prospectively analyze a larger sample of patients with IgLON5 autoimmunity syndrome in detail to more fully characterize the spectrum of sleep and respiratory disorders in this patient population.
IgLONs are members of the immunoglobulin superfamily of cell adhesion molecules abundantly expressed in neurons. The IgLON proteins contain 3 immunoglobulin domains followed by a glycosylphosphatidylinositol anchor protein. 21 Metalloproteinasedependent regulated shedding of IgLONs from the surface of mature cortical neurons has been reported to regulate neurite outgrowth and synaptic plasticity. 21 Our data support IgLON5 being abundant, not just in the nervous system but also in the renal glomerulus, which has afferent and efferent innervation to regulate blood flow to the glomerular basement membrane and a diverse repertoire of neural antigens. [22] [23] [24] [25] Like ANNA-3 autoimmunity, where renal podocyte staining on tissue IFA is also recognized, renal manifestations are not known to accompany IgLON5 autoimmunity. 26 In the appropriate clinical context (adults with unexplained sleep disorder, movement disorders, bulbar symptoms, CNS hyperexcitability), IgLON5 autoimmunity should be considered. Generic clues to an autoimmune diagnosis are lacking in most cases, although responses to immune therapies may be favorable.
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